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Abstract  
The role of neutron beam investigation is significant not only for fundamental science but also for various fields of applied sci-
ence. This work is dedicated to the formation of neutron beams using the external 18-MeV proton beam of IBA cyclotron C18/18 
with a beam current of up to 100 µA. The facility is located at the A. Alikhanyan National Science Laboratory (Yerevan Physics 
Institute). The possibility to obtain thermal or epithermal neutron beams using the external proton beam of the cyclotron is studied 
using Geant4 simulations. In this case, a quasimonoenergetic neutron source 9Be (p, n)9B reaction is chosen. As a result of the 
simulations, the optimal thickness of the 9Be beryllium isotope target is determined. The induced neutron beam is accompanied by 
a gamma ray background. To decrease the number of accompanying gamma rays, the lead absorber is considered. As a method of 
separating neutrons from gamma rays, the pulse shape discrimination (PSD) technique is developed. This study shows the possi-
bility of neutron-gamma PSD and its applicability using the EJ-299-33A plastic scintillator.. 
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1. Introduction 
Study of the formation of quasimonoenergetic 
neutron beams is of interest from both practical and 
scientific points of view. Nowadays, monoenergetic 
neutron beams are widely used in medicine. From the 
viewpoint of science, these neutron beams are im-
portant in the study of neutron-induced reactions in 
low-energy regions. Because neutron-induced activa-
tion cross sections govern the rate of production of 
isomers and radioactive isotopes, these cross sections 
are important when estimating the radiation levels 
and decay heat of materials that have been exposed to 
radiation fields with a strong neutron component [1]. 
However, neutrons are not purely monoenergetic; 
rather, they are associated with the continuum neu-
tron spectrum. Therefore, energy-angular distribu-
tion information related to the neutron continuum is 
required for the design of neutron sources and facili-
ties shielding. There is a small amount of experi-
mental data for the neutron continuum above  
10-MeV proton energies. Most data are available for 
the angular distribution at 0° [2]. 
Preexperimental simulations were done using 
Geant4 software [3]. Geant4 includes facilities for 
handling geometry, tracking, detector response, run 
management, visualization, and user interface. Preex-
perimental simulations give an advantage when find-
ing optimal parameters for real physical experiments, 
which means less time needs to be spent on low-level 
details and attention can be concentrated on more im-
portant aspects of the experiment. 
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To generate a high level of neutron production, 
the 9Be beryllium (Be) isotope target was chosen. 
This choice simplifies the problem of target cooling 
during irradiation because of the high melting point 
of Be (1,287 °C). All reaction channels emitting 
neutrons in a 9Be(p,x) many-body reaction were 
considered in Geant4 simulations. 
A special technique was developed to separate 
neutrons from accompanying gamma rays. A neu-
tron detection system with a plastic scintillator was 
constructed and connected to the ultrafast oscillo-
scope available at the A. Alikhanyan National Sci-
ence Laboratory (Yerevan Physics Institute). 
The main goal of this study is to perform neutron-
gamma discrimination. In the first part of this paper, 
the transformation of a proton beam into a neutron is 
described. The next section explains the separation 
of the neutrons from gamma rays by PSD. In the fi-
nal section, the experimental procedure is described. 
 
2. Neutron flux 
7Li(p,n) and 9Be(p,n) reactions are used widely as 
quasimonoenergetic neutron sources [2]. In particu-
lar, the 7Li(p,n) reaction is expressed as a monoen-
ergetic peak in the 3- to 5-MeV region, and approx-
imately half of the yield of this reaction is concen-
trated in the region up to 14 MeV. However, the low 
melting point of lithium (Li, 180.54 °C) compared 
with the melting point of Be (1,287 °C) requires an 
additional cooling system, which complicates the 
use of Li as a target [4]. 
As an intense source of neutrons, the 9Be thick 
target through the (p,n) reaction is considered for 
applications because of its high neutron yields and 
good thermal conductivity [5, 6]. The target is de-
scribed as “thick” when the proton beam is fully 
stopped inside of it. Basically, in applications, it is 
used for thermal and epithermal energy neutron 
beams. To reach the epithermal energy range of the 
generated neutrons, the beam shaping assembly 
(BSA) was used. Thermal and fast neutron compo-
nents of the neutron beam, as well as the dose of 
gamma rays, will reduce the acceptable values. Sim-
ulations have shown [7] that the neutron yield was 
the highest in the thick target (9Be target thickness 
was 2.5 mm). 
Construction of a BSA is important to produce an 
intensive thermal neutron beam. Design and optimi-
zation characteristics of the BSA for neutron flux 
from a thick target were simulated by Geant4. Ap-
propriate materials for the moderator and the reflec-
tor with optimal thicknesses were determined to ob-
tain the thermal or epithermal neutron beams. Crea-
tion of the optimal BSA by Geant4 simulations gives 
the possibility increase the neutron flux in the ther-
mal or epithermal neutron energy region [7]. 
The 18-MeV external proton beam, before reach-
ing the target, passed through 500-µm aluminum 
foil, which was installed to sustain the vacuum in-
side the tube. Passing through the aluminum foil, the 
proton beam energy decreased up to 14.8 MeV. 
The 9Be(p,n)9B two-particle reaction was accom-
panied by many-particle 9Be(p,xn) reactions. In Ta-
ble 1, all 9Be(p,xn) reactions from energy thresholds 
up to 14.8 MeV are listed. 
 
Table 1. 9Be(p,xn) many-particle reactions up to 14.8-MeV 
thresholds 
Reaction 
Q Value 
(MeV) 
Energy 
Threshold 
(MeV) 
p + 9Be → 9B + n –1.8504 2.0572 
p + 9Be → 9B + n + γ –1.8855 2.057 
p + 9Be → 8Be + p + n –1.6645 1.8507 
p + 9Be → 8Be + p + n + γ –1.7011 1.8507 
p + 9Be → 5Li + α + n + γ –3.5377 3.9333 
p + 9Be → 2α + p + n –1.5727 1.74859 
 
From Table 1, along with neutrons, accompany-
ing γ, p, α, and different nuclei are formed during 
the reaction. The neutron-charged particle separation 
was relatively easy (magnetic fields can be used) 
compared with that of neutral particles. The most 
difficult challenge was neutron-gamma ray separa-
tion because of lack of reaction to the magnetic 
fields. 
Fig. 1 shows the neutron and gamma ray energy 
spectra from 9Be(p,xn) reactions. 
Based on Geant4 simulations [7], the best option 
to decrease associated gamma ray yield compared 
with neutrons was determined. The system consists 
of the 9Be 2.5-mm target and 1.27-cm lead sheet. 
Table 2 lists the summary of Geant4 simulation re-
sults of the neutron-to-gamma ray ratio for the 2.5-
mm Be target and different thicknesses of lead 
sheets. 
 
Table 2. Neutron-to-gamma ray ratio for different thick-
nesses of lead sheets installed after 2.5-mm Be target 
Thickness of Lead (cm) 0 0.5 1.27 
Nneutrons/Ngamma 0.55 0.99 1.35 
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Fig. 1. Energy spectra of gamma rays (1) and neutrons (2) for 2.5-mm 9Be target 
 
Fig. 2. Energy spectra of gamma rays (1) and neutrons (2) for 2.5-mm Be target and 1.27-cm lead sheet 
The neutron-to-gamma ray spectra for the previ-
ously mentioned optimal size of the lead sheet are 
shown in Fig. 2. 
During an experiment on IBA cyclotron C18/18, 
the time-of-flight technique was used [8, 9] to detect 
neutrons. To develop the neutron-gamma discrimi-
nation methodology, the 252Cf californium isotope 
(T1/2 = 2.645 y) neutron source was used. 
The 252Cf neutron source is widely used for spon-
taneous fission. It is also used as a small neutron 
source. 252Cf decays into the 248Cm curium isotope 
through α decay (T1/2 = 2.645 y). This process is ac-
companied by evaporation of neutrons. Fission neu-
trons of 252Cf have energy up to 13 MeV, with a 
middle value of 2.3 MeV and a most probable value 
of 1 MeV. These secondary fragments are usually in 
excited states and promptly emit gamma rays, which 
go along with neutrons. 
3. Neutron-gamma discrimination 
The main challenge of fast neutron detection is to 
dissociate neutron response from the gamma ray 
background. Unlike alpha or beta rays, neutrons 
have a scintillator penetration range similar to that of 
gamma rays. Only the ionization mechanism is 
slightly different, which can produce some kind of 
signal discrepancy. PSD was chosen to observe, sep-
arate, and attribute individual emissions from a neu-
tron or a gamma ray [10]. The most widely used 
method for high-energy neutron detection in the 
presence of a gamma radiation background uses the 
difference in the shapes of the scintillation pulses 
excited by neutrons and gamma rays in organic scin-
tillators. 
PSD was discovered and demonstrated a few 
decades ago [11]. It is based on the existence of two-
decay component fluorescence. The essence of this 
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phenomenon is that in addition to the main compo-
nent decaying exponentially (prompt fluorescence), 
usually there is a slower emission that has the same 
wavelength but a longer decay time [12]. 
In this work, the research processes of nuclear 
physics and high-energy particle physics and the uti-
lization of digital technology to separate the scintil-
lation responses of neutrons and photons in experi-
mental installations are suggested. One of the ways 
to separate neutrons from gamma rays is to analyze 
the pulse shape from the photomultiplier (PMT). It is 
known that amplitudes of neutrons and gammas at 
the same pulse have different tail lengths. The inte-
gral area of the pulse in comparison with the partial 
area can give information about the origin of the 
pulse. Neutron-generated pulses have long tails, and 
with this information, they can be separated from 
gamma-generated pulses with prompt signals. 
The experimental setup intended for the devel-
opment of the technique consisted of the following 
elements: EJ-299-33A, a solid-state plastic scintilla-
tor manufactured by Eljen Technologies [13]; a 
Thorn EMI electronics tube 9954А PMT [14]; the 
DAQ-PicoScope 5000 Series manufactured by Pico 
Technology [15]; and 252Cf as a neutron source. 
The EJ-299-33A pulse shape discrimination 
(PSD) plastic scintillator enables the separation of 
gamma and fast neutron signals based on their tim-
ing characteristics. The scintillator is stable in water, 
dilute acids, and alkalis, lower alcohols, and silicone 
greases. It can be used safely with most epoxies and 
glues. Plastic scintillators typically consist of a solid 
solution of organic scintillating molecules in a pol-
ymerized solvent. Because of the ease with which 
they can be shaped and fabricated, plastic scintilla-
tors have become an extremely useful form of or-
ganic scintillator. They exhibit several advantages 
over their liquid counterparts, such as increased du-
rability, and flexibility in manufacturing detectors of 
various sizes and shapes. They are nontoxic and 
nonflammable, which makes plastic scintillators saf-
er in usage than liquid scintillators. The relatively 
low cost of plastic makes it an economical choice for 
applications for which large-volume scintillators are 
required (for example, inspecting cargo containers in 
shipping ports or trucks at border crossings). The 
high hydrogen content makes them ideal for use in 
the detection of high-energy neutrons. Furthermore, 
plastic scintillators have a demonstrated capability 
for PSD. Properties for the EJ-299-33A plastic scin-
tillator are presented in Table 3 [16]. 
 
Table 3. Properties of EJ-299-33A solid-state plastic scintil-
lator 
Properties EJ-299-33A 
Light output (% anthracene) 56 
Scintillation efficiency (photons/1 MeV e−) 8,600 
Wavelength of maximum emission (nm) 425 
H atoms (no. per cm3) 5.13×1022 
C atoms (no. per cm3) 4.86×1022 
Electrons (no. per cm3) 3.55×1023 
Density (g/cm3) 1.08 
 
The Thorn EMI 9954A PMT is a 51-mm-
diameter (2-inch-diameter) end window PMT, with 
an enhanced green-sensitive bialkali photocathode 
and 12 Be-copper dynodes of linear-focused design 
for good linearity and timing. 
The PicoScope 5000 Series of flexible resolution 
oscilloscopes from Pico Technology constitute a 
range of high-specification, real-time measuring in-
struments that connect (s) to the USB port of a com-
puter. They use the PicoScope software to work as 
oscilloscopes and spectrum analyzers. With various 
options of portability, resolution, deep memory, fast 
sampling rates, and high bandwidth, these highly 
versatile oscilloscopes suit a range of applications. 
 
4. Experimental procedure 
To select the supply voltage and the discrimina-
tion threshold, as well as cut off the noise pulses of 
the PMT, the background counting characteristic of 
the PMT at different voltage values was investigat-
ed. The measurements were taken using the assem-
bled detector. The 252Cf neutron source with activity 
of 1 µCi was used. The measurements were per-
formed for the following three cases: 
1. Background without the 252Cf source 
2. With the 252Cf source, a detector-source 
distance of 2 cm 
3. 252Cf source with a lead absorber 
Then, 10,000 events were collected from the neu-
tron source and analyzed by pulse shape analysis 
and pulse shape identification software for all cases 
mentioned earlier. 
The received data were processed by a dedicated 
application written in the ROOT framework. In each 
case, the application identified a peak on the pulse 
shape, shifted it by 3 ns, and then registered the am-
plitude at that point (called the edge). Because the 
pulse durations are different at the same energies of 
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neutrons and photons, the tail of the neutrons will be 
longer than the tail of the photons. Thus, the ratio of 
the edge to the peak amplitude of the neutron will be 
higher than that of the photon. 
 
5. Results and discussion 
In Fig. 3, the total area of the pulse to the ampli-
tude is shown. The smaller inclination to the X axis 
corresponds to the photons, because at the same am-
plitude, the pulse area is smaller than it is for the 
neutrons. 
In Fig. 4, the neutron-gamma discrimination is il-
lustrated. The peak near zero corresponds to the 
events of the background and gamma rays. The dis-
tribution near 0.8 corresponds to the neutron peak. 
The small value of the peak results from the low 
intensity of the 252Cf. If a cyclotron’s proton beam is 
used as the source of the neutron beam, the neutron 
beam intensity will be higher. 
 
Conclusion 
The yield of neutrons based on the 9Be(p,xn) re-
action on the external proton beam of cyclotron 
C18/18 has been calculated using Geant4. The neu-
tron beam can be used for different applications, ap-
plied sciences, and fundamental research. 
The technique for high-energy neutron detection 
in the presence of gamma background has been de-
veloped. The suggested method provides an oppor-
tunity to reliably separate neutrons from accompany-
ing gamma rays during experiments on cyclotron 
C18/18. In addition, it is intended for continued in-
vestigations with a more powerful neutron source to 
determine the best results. In the future, this method 
will be used for detection of the obtained neutrons 
from the extracted proton beam of cyclotron С18/18. 
 
 
Fig. 3. Dependence of total area of pulse on amplitude 
 
Fig. 4. Neutron-gamma discrimination 
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